The therapeutic outcome of chemotherapy is severely limited by intrinsic or acquired drug resistance, the most common causes of chemotherapy failure. In the past few decades, advancements in nanotechnology have provided alternative strategies for combating tumor drug resistance. Drug-loaded nanoparticles (NPs) have several advantages over the free drug forms, including reduced cytotoxicity, prolonged circulation in the blood and increased accumulation in tumors. Currently, however, nanoparticulate drugs have only marginally improved the overall survival rate in clinical trials because of the various pathophysiological barriers that exist in the tumor microenvironment, such as intratumoral distribution, penetration and intracellular trafficking, etc. Smart NPs with stimulusadaptable physico-chemical properties have been extensively developed to improve the therapeutic efficacy of nanomedicine. In this review, we summarize the recent advances of employing smart NPs to treat the drug-resistant tumors by overcoming the pathophysiological barriers in the tumor microenvironment.
Introduction
Chemotherapy is the standard of care for the treatment of advanced or metastatic tumors. However, its success is severely hampered by intrinsic or acquired drug resistance. Insufficient drug delivery to deep tumors and continuous exposure of cancer cells to sublethal doses of cytotoxic drugs are two of the main factors that promote acquired drug resistance [1, 2] . Solid tumors are highly heterogeneous [3, 4] , which are surrounded by a dense extracellular matrix (ECM) and lack lymphatic drainage. These factors synergistically induce a reduced transcapillary pressure gradient and an elevated interstitial fluid pressure (IFP), which restricts drug distribution within the tumor [5, 6] . Moreover, accumulating evidence indicates that the drug-resistant tumor cells produce more acidic vesicles than normal cells. Weakly basic chemotherapeutics (eg, doxorubicin, DOX) are therefore entrapped in the acidic vesicles. They are eventually eliminated out of the cells through the secretory pathway, suppressing their antitumor activity [7] . In the past few decades, advancements in nanotechnology have opened up promising opportunities for improving the efficacy and specificity of drug delivery to the tumor lesions. Compared with the free drug form, drug-loaded nanoparticles (NPs) between 10 and 200 nm in diameter exhibit several advantages, including the following: a prolonged circulating half-life, enhanced tumor distribution, increased cellular accumulation and the capacity to integrate multiple regimens and thereby facilitate combination therapy [8] [9] [10] [11] . Solid tumors have leaky and permeable blood vessels compared to normal blood vessels. This allows extravasation of the large molecules or NPs owing to the enhanced permeability and retention (EPR) effect of the tumors [12] . In addition, the ligand modification of the NPs improves the specificity of their drug delivery to the tumors [13] . Despite nanoparticulate drugs displaying obvious advantages over free drugs, the tumor-specific accumulation and retention of the drug-loaded NPs is highly dependent on the increased permeability of tumor blood vessels. Before reaching the target site and performing their antitumor function, the drug-loaded NPs need to overcome a complex series of pathophysiological barriers, including limited tumor distribution, restricted intratumoral diffusion, and low efficiency of cellular uptake and intracellular trafficking [14, 15] . All of these factors synergistically restrict the therapeutic outcomes of nanoparticulate drugs [16, 17] . In the past few years, smart NPs with stimulus-responsive chemo-physical properties have been extensively developed for cancer nanomedicine. In this review, we have summarized the recent advances in smart nanocarriers for treatment of drug-resistant tumors by overcoming the pathophysiological barriers in both the extracellular and the intracellular microenvironments.
Overcoming extracellular barriers using nanomedicine
It is well-known that NPs with an average particle size of 100 nm can be long-lasting in the circulation and then passively accumulate at a leaky site of the tumor vasculature through the "EPR" effect [18] . Several recent studies have revealed that NPs between 20 and 60 nm can permeate deep tumor tissue more efficiently than NPs with larger diameters [19] [20] [21] . To achieve sufficient drug delivery into the entire tumor, one rational strategy is to design drug-loaded NPs that adapt their sizes within the tumor microenvironment. They must also maintain structural integrity while in the systemic circulation to prevent drug leakage or filtration by the kidneys [22] [23] [24] . For this purpose, extensive investigations have been performed on smart NPs that respond to biological stimuli in the tumor microenvironment. The stimuli tested so far include deregulated pH (eg, pH 6.5-7.2) owing to the "Warburg effect" [22, 25, 26] , an elevated redox potential [27, 28] , or overactivated matrix metalloproteinases (MMPs) in multiple stages of cancer progression [29, 30] .
Overcoming tumor drug resistance with acid-responsive NPs To improve the therapeutic efficacy of cancer chemotherapy, extensive efforts have been devoted to developing drug-loaded acid-activatable nanocarriers in the past few decades [31] [32] [33] . These NPs undergo particle size change [34] , surface charge status switching [35] , or a hydrophobic to hydrophilic transition [36] by responding to the pH drop in the weakly acidic microenvironment of tumor or cancer cells. For instance, Wang et al recently reported a novel set of intelligent cluster (iCluster) NPs to improve the tumor penetration and distribution of the poly(amidoamine) (PAMAM) prodrug [37] . The NPs were composed of two distinct components. The first was a cisplatin prodrug-conjugated PAMAM dendrimer, which was grafted onto a polycaprolactone (PCL) homopolymer via an acid-labile linker 2-propionic-3-methylmaleic anhydride (CDM) to obtain the PCL-CDM-PAMAM/Pt conjugate. The second component of the NPs was a poly(ethylene glycol)-b-poly(ε-caprolactone) (PEG-b-PCL) diblock copolymer ( Figure 1A ), which controlled the particle size and stabilized the NPs by providing a PEG corona and a hydrophobic PCL core. The PAMAM prodrugconjugated NPs maintained good integrity and demonstrated a hydrodynamic particle size of approximately 100 nm during blood circulation. The NPs were designed to enhance the tumor accumulation of the PAMAM prodrug through the EPR effect, while releasing the PAMAM prodrug in response to the acidic tumor environment (ie, pH 6.5-7.2). The PAMAM prodrug penetrated deeply into the tumor, owing to the small particle size (~5 nm). Subsequently, the prodrug performed its antitumor function by being converted to cisplatin in the reducing environment of the cytosol ( Figure 1B ) [37] . In a multilayer spheroidal cancer (MSC) model derived from BxPC-3 human pancreatic cancer cells, the hydrophobic PCL core (with red fluorescence labeling) of the iCluster NPs was observed to attach to the periphery of MCSs without a noticeable distribution in the internal area, after a 24 h incubation at a pH of 6.8. In contrast, the green fluorescence labeling of the PAMAM prodrug was found in the core of the tumor sphere. This indicated that the PAMAM prodrug was released from the iCluster NPs in acidic conditions, which mimic the acidic tumor microenvironment, and penetrated deeply into the tumor. The antitumor efficacy of the prodrug-conjugated NPs was evaluated in a tumor xenograft model of cisplatinresistant A549 (A549R) lung cancer in vivo. The iCluster NPs displayed much higher antitumor efficacy than the nonresponsive control, which can be attributed to the ability of the NPs to release the PAMAM prodrug in the acidic environment, where it had good tumor penetration [20, 21, 38] .
Overcoming the extracellular barrier with protease-activatable NPs Hydrophilic molecular modification such as PEG shielding has been thoroughly employed to improve the stability and pharmacokinetics of drug-loaded NPs [39] . PEG shielding reduces the nonspecific interaction of NPs with blood components and non-targeted tissues, prolongs circulation time and decreases toxic effects. However, stable PEG modification appears to suppress the intratumoral diffusion and cellular uptake of the carriers. This remains another notable extracellular barrier for cancer nanomedicine [30] . It is apparent that PEG shielding must be more dynamic to improve the efficacy of nanoparticulate drugs. The NPs need to be stabilized with the PEG corona for prolonged circulation in the blood. However, after reaching the tumor site, the PEG corona should be removed for efficient tumor penetration and intracellular trafficking. This can be achieved by attaching a PEG shell to the NPs via stimuluslabile linkages.
MMPs, in particular, MMP-2/9 are over-activated in multiple stages of human cancers. They serve as key effectors involved in tumor angiogenesis, invasion, and metastasis [40, 41] . MMP-responsive nanocarriers or imaging reagents have been developed to improve tumor accumulation and retention [30, 42] . Torchilin et al recently reported a prodrug-loaded smart nanocarrier for cancer therapy [43] . The drug-loaded NPs were selfassembled from an octapeptide (GPLGIAGQ)-linked PEG2000 paclitaxel (PTX) prodrug and a TAT-functionalized PEG1000-phosphoethanolamine (PE) amphiphilic lipid. The octapeptide is an MMP-2-cleavable spacer that is able to release PTX in the tumor microenvironment. TAT is an arginine-rich oligopeptide with a superior tissue penetration capability [44] . The resulting NPs were covered by a hydrophilic PEG shell with PTX located in the hydrophobic core. The TAT peptide was shielded with a PEG2000 corona to prevent non-specific interactions with healthy tissues during circulation in the blood. Upon systemic administration, the NPs displayed prolonged circulation in the blood due to the presence of the PEG corona, which passively accumulated in the tumor via the EPR effect. PEG2000 was cleaved in the tumor via MMP-2-induced cleavage of the oligopeptide spacer. Successively, PTX was liberated and the TAT peptide was exposed to facilitate the intratumoral penetration and internalization of PTX. In an A549 human lung cancer xenograft model, the MMP-activatable NPs resulted in a 2.5-fold higher PTX distribution in the tumor and much higher antitumor efficacy than the non-responsive counterpart. The in vivo tumor distribution and antitumor data consistently exhibited the clinical potential of the MMPactivatable NPs for the treatment of the drug-resistant tumors by overcoming the extracellular barriers.
Combating the drug-resistant tumor by priming the tumor microenvironment
The strategies described above are focused on the treatment of the drug-resistant tumor by designing tumor microenvironment-adaptable NPs. However, the activation of these smart NPs is passively dependent on pre-existing biological signals. Because tumors are highly heterogeneous, the clinical application of drug-loaded NPs is limited. Therefore, the second section of this review is focused on an emerging paradigm of nanomedicine that actively primes the host microenvironment of solid tumor and cancer cells.
Combating the drug-resistant tumors by degradation of ECM The major component of ECM is hyaluronic acid (HA). HA is a linear glycosaminoglycan (GAG), composed of repeating N-acetyl glucosamine and glucuronic acid units. HA accumulation contributes to the increase of IFP in tumors, limiting the intratumoral diffusion of therapeutics. The interaction between HA and cancer cells is closely related to cancer metastasis [45] . In addition to stromal HA, many cancer cells have a pericellular HA matrix, which prevents the access of anticancer drugs or drug-loaded NPs. One promising strategy to enhance drug delivery to solid tumors is to degrade HA with biological or physical approaches. For instance, PEGylated recombinant human hyaluronidase (rHuPH20, PEGPH20) is undergoing clinical trials, where it is administered 1 d before applying anticancer agents to ensure the depletion of tumor HA [46] . However, HA that has been the systemically injected is subject to enzyme degradation while circulating and tends to induce muscle spasms and thromboembolism, as reported in clinical studies [47] . Very recently, Cheng et al demonstrated that the HA modification of drug-loaded NPs improved the efficacy of drug delivery by degrading the HA of the tumoral stroma [48] . In this study, rHuPH20 was employed to modify the surface of drugloaded poly(lactic-co-glycolic acid)-b-poly(ethylene glycol) NPs (PLGA-PEG-NPs). For this purpose, the drug-loaded (ie, doxorubicin, DOX) bare NPs were sequentially modified with a thiolated rHuPH20 and an extra PEG shell ( Figure  2 ). rHuPH20 conjugated on the surface of NPs showed no influence on the circulation time of the NPs. Meanwhile, the PEG corona maintained the enzyme activity of rHuPH20 in the blood. Compared to rHuPH20 in its free form, rHuPH20 conjugated on the surface of NPs showed a much higher efficacy of NP diffusion into the matrix gel. Additionally, surface rHuPH20 enhanced NP accumulation in 4T1 breast tumor xenografts owing to the increased tumor penetration. The rHuPH20-functionalized PLGA-PEG-NPs exhibited significantly improved antitumor efficacy over their unmodified counterparts. TUNEL staining of the tumor section revealed notable apoptosis of the tumor cells, indicating that the antitumor efficacy of the drug-loaded NPs could be attributed to the cytotoxicity of DOX. This study suggested that the hyaluronidase modification of the drug-loaded NPs was promising for improving the efficacy of cancer nanomedicine. This approach might also enable the clinical translation of NPs, which was previously considered impractical owing to the inefficient diffusion into solid tumors.
Overcoming drug resistance by phototherapy-induced alteration of the tumor microenvironment As previously mentioned, the inefficient tumor penetration of drug-loaded NPs is the dominant extracellular barrier for nanomedicine. In the past few years, phototherapy, in particular photothermal therapy (PTT), has gained increased attention for combating drug-resistant tumors [49] . PTT induces ECM degradation and improves NP delivery to solid tumors by converting near-infrared (NIR) light to local heat. Compared to the conventional modalities for cancer therapy, including surgical resection, chemotherapy and radiotherapy, PTT is noninvasive and induces minimal side effects [50, 51] . However, the majority of the NPs employed for PTT are inorganic nanomaterials (eg, gold nanorods and carbon nanomaterials). Their non-biodegradability and therefore accumulation in the body remains one of the long term concerns for clinical translation [52] . To address the disadvantages of inorganic NPs for PTT of the tumor, organic nanoplatforms with high photothermal conversion efficiency have been studied for PTT and chemotherapy of drug resistant tumors.
Our laboratory reported polymer-based acid and NIR light dual-responsive micelle NPs for the treatment of DOXresistant breast cancer [5] . The micelles were composed of a pHresponsive diblock polymer and a polymeric prodrug of DOX ( Figure 3A and 3B) . The diblock copolymer was functionalized with Cypate, an NIR dye, for photothermal conversion in the NIR region [53] . At physiological pH (ie, 7.4), the micelles formed a compact structure with a particle size of approximately 30 nm, allowing prolonged circulation in the blood and passive tumor targeting. The micelles quickly dissociated in a weakly acidic environment (ie, pH≤6.2) to release the DOX prodrug ( Figure 3C ). Upon NIR laser irradiation, the micelles induced a significant hyperthermia effect, which degraded the ECM and triggered tumor penetration of the DOX prodrug ( Figure 3D) . Consequently, the NIR irradiation-induced hyperthermia effect and the DOX prodrug-conducted chemotherapy coordinated to inhibit the growth of a DOX-resistant MCF-7/ADR breast tumor in an orthotopic tumor model. Our study might suggest that physical stimulus-triggered modulation of the host microenvironment, in this case the hyperthermia effect, can notably improve therapeutic efficacy against drug-resistant tumors by destroying the ECM.
Combating cancer drug resistance by overcoming intracellular barriers
Following accumulation within the tumor and extracellular diffusion, drug-loaded NPs have to bypass several intracellular barriers to exert their antitumor function. The NPs must be internalized into the endocytic vesicles, travel from the vesicles to the cytosol and unload the drug payload (this step can happen in the vesicles or in the cytosol after the NPs escape from the vesicles) [15] . Of all of these barriers, cellular uptake and intracellular trafficking are the two most crucial factors affecting the therapeutic outcomes of NP-mediated chemotherapy [54, 55] . Surface modification with a targeting ligand or cell penetration peptide (CPP) is a practical approach to prompt the internalization of the drug-loaded NPs. For instance, Wang et al demonstrated that CRGDK-modification notably increased the cellular accumulation of liposomal NPs by targeting the Neuropilin-1 (Nrp-1) receptor on the membrane of tumor cells [56, 57] . An excellent example of a CPP, TAT is an arginine-rich peptide derived from the HIV-1 transcrip- 
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Acta Pharmacologica Sinica tion peptide. Attaching TAT has long been identified as a method for improving intracellular uptake of NPs [58, 59] . The possible mechanism underlying this effect of TAT is an interaction with the negatively charged plasma membrane, which enhances the permeability of the cell membrane, triggering the endocytosis of the TAT-conjugated NPs [60] . This strategy had been employed by Huang et al to combat DOX resistance in breast tumors [61] . A positive surface charge is another critical factor affecting the interaction of NPs with tumor cells. Liposomal NPs bearing a positive surface charge have shown increased cellular uptake compared with their neutral counterparts [62, 63] . Following internalization, the intracellular transportation of drug-loaded NPs from the endocytic vesicles to the cytosol or nucleus is another intracellular barrier. In a recent study by Chen et al, an NIR light-responsive NP was developed for the treatment of cisplatin-resistant lung cancer by enhancing the intracellular trafficking of the anticancer drug [64] . The NP was prepared by co-assembly of a Cypate-conjugated diblock copolymer with an alkylated cisplatin prodrug (Figure 4) . The NPs significantly enhanced tumor accumulation, as well as the cellular uptake of the drug, in cisplatin-resistant A549R cells. NIR laser illumination induced a notable hyperthermia effect at a pH of 5.0 to promote lysosome disruption, increasing the intracellular trafficking of the Pt(IV) prodrug into the cytoplasm [65] . Meanwhile, PTT inhibited the efflux of cisplatin by suppressing MRP1 expression in the A549R cells. This study indicated the promise of NP-mediated PTT for treating drugresistant tumors by promoting intracellular translocation of the anticancer drugs.
It would be impossible to discuss the enhanced intracellular trafficking of drug-loaded NPs without mentioning photodynamic therapy (PDT). PDT can trigger drug release from NPs or endocytic vesicles by inducing reactive oxygen species (ROS) generation and destabilizing the cytoplasmic membrane [66] [67] [68] [69] . For example, Lin et al employed nanoscale coordination polymers (NCPs) to construct a PS-loaded hybrid NP. The NCP core was constructed through the coordination of cisplatin prodrugs with zinc metal ions and then coated with an asymmetric lipid bilayer containing a porphyrin-conjugated phospholipid (pyrolipid) [70] . The resulting NCP@pyrolipid maintains structural integrity extracellularly but releases cisplatin upon the PDT-triggered vesicle burst and subsequent cytosol reduction of the prodrug. With a combination of cisplatin-mediated chemotherapy and pyrolipid-conducted PDT, the hybrid NPs eradicated a cisplatin-resistant head and neck tumor much more efficiently than each of the therapies singly. 
Conclusion
Drug-loaded NPs have shown several advantages over the free drug forms, including reduced cytotoxicity, prolonged circulation in the blood and increased accumulation in tumors. Currently, however, nanoparticulate drugs have only marginally improved the overall survival rate in clinical trials because of the various barriers that exist. Intratumoral distribution, penetration and intracellular trafficking are all crucial factors affecting the fate of drug-loaded NPs. In recent years, the advances in nanotechnology have extended cancer nanomedicine beyond conventional knowledge. Smart nanocarriers have been used to improve the therapeutic efficacy of nanoparticulate drugs by overcoming the pathophysiological barriers present in drug-resistant tumors. These novel nanocarriers improve the tumor distribution of the chemotherapeutic by adapting their chemo-physical properties in accordance with the biological stimuli pre-existing at the disease site. Moreover, smart NPs have also been recently proposed for priming the tumor microenvironment for cancer therapy. This set of novel nanocarriers has the potential to improve the therapeutic outcomes of nanomedicine over what has been observed with conventional nanocarriers. In addition to extending our understanding of the biological mechanisms underlying the pathophysiological barriers, a revolution in NP design might translate cancer nanomedicine from a promising strategy to a practical approach for the treatment of drug-resistant tumors in clinical medicine.
